Experiments examined whether the ciliate, Coleps hirtus, changed its morphology in the presence of zooplankton known to prey on ciliates. While caudal spine length was not affected, Coleps were longer and thinner in the presence of Cyclops than in their absence.
Inducible morphological adaptations are a common strategy among planktonic organisms to reduce their predation risk. Cladocerans, rotifers, algae and even bacteria change their morphologies when exposed to kairomones from potential predators, thereby reducing their vulnerability to predation (Simek et al., 1997; Gilbert, 1998; Tollrian and Dodson, 1998; Van Donk et al., 1998) . Ciliates too, primarily members of the subclass Hypotrichia, show inducible morphological defences, forming lateral or dorsal projections that reduce the ability of ciliate, amoeboid, oligochaete or turbellarian predators to ingest them (Kuhlmann et al., 1998) . There are, however, no reported induced defences by the common groups of planktonic ciliates. While some behavioural defences have been reported [ jumping responses and diel vertical migration (DVM)], it is unclear whether the behaviours are inducible, and in the case of DVM, whether this is even a defence strategy (Gilbert, 1994; Rossberg and Wickham, 2008) .
The lack of inducible defences in planktonic ciliates appears odd, given the enormous predation pressure to which they are at times subjected. Planktonic ciliates are preyed upon by a wide variety of predators known to induce morphological defences in other types of prey, the predation pressure can at times be enough to greatly exceed ciliate growth rates, and the predation pressure is variable in time and space (Sanders and Wickham, 1993; Pace and Vaqué, 1994; Gaedke and Wickham, 2004) . All three of these characteristics are important in inducing morphological defences in other organisms (Harvell and Tollrian, 1998) .
The prostome ciliate Coleps is a logical choice to begin investigations of ciliate prey defences induced by zooplankton. Coleps, particularly C. hirtus, are ubiquitous in freshwater plankton (Foissner et al., 1999; Pfister et al., 2002) and carry a number of prominent caudal spines which could plausibly be morphological defences, much as neckteeth in Daphnia are an effective, inducible defence against Chaoborus predation ( Fig. 1) (Tollrian, 1995) . Cladocerans, copepods and rotifers have been shown to either not ingest Coleps spp. at all, or at rates below those for similar-sized ciliates, suggesting defences against predation (Jack and Gilbert, 1993; Wickham, 1995; Mohr and Adrian, 2000) . While Coleps possess calcium carbonate plates beneath their cell membrane, the much more substantial loricas of brachionid rotifers provide minimal protection against predation, with many brachionids having inducible spines (Gilbert, 1998) . The one previous study to examine inducible defences in Coleps found no changes in cell shape, but the predators used were benthic ciliate and tubularian species that C. hirtus would be unlikely to encounter in the plankton (Fyda et al., 2005) . In this study, therefore, we tested the preliminary hypothesis that typical planktonic predators from groups known to prey on planktonic ciliates (two cladoceran species, a cyclopoid copepod and a rotifer) can induce C. hirtus to either increase the length of its caudal spines, or otherwise change its body shape. With the use of video analysis, we further attempted to determine whether body shape influenced prey selection in Cyclops bohater, the most selective predator used in the study.
Experiments were conducted with two actively growing clones of C. hirtus. One clone (þ fish clone) was isolated from a pond with high fish densities and very low abundance of crustacean zooplankton (S. Wickham, personal communication) . The second clone (2fish clone) was isolated from a small pond without fish and with abundant crustacean zooplankton. The clones were identified to species using live observations and JOURNAL OF PLANKTON RESEARCH j VOLUME 30 j NUMBER 11 j PAGES 1315-1321 j 2008 Foissner et al. (Foissner et al., 1999) . Both strains were grown from single cells, cultured in Volvic w water with Cryptomonas sp. (strain SAG 26.80) as prey and kept in a climate chamber at 208C with a 12:12 light:dark cycle. The clones differed in their lengths, widths and length:width ratios, but not in their spine lengths. The þfish clone was 40.8 + 1.7 mm long (mean + 1 standard deviation) and 26.6 + 2.8 mm wide, with a length:width ratio of 1.55 + 0.20, while the -fish clone was larger, 44.5 + 2.0 mm Â 33.2 + 4.1 mm, with a length:width ratio of 1.36 + 0.18 (differences between clones tested with t-tests: P , 0.0001). The spine length in the þfish clone was 3.5 + 0.8 mm, whereas the -fish clone spine length was 3.4 + 0.2 (t-test: P ¼ 0.057). Predators were isolated from the same pond as thefish Coleps clone and cultured in 250 mL beakers with Volvic w water, with as prey either a mixture of C. hirtus and Cryptomonas sp. (Cyclops bohater), Cryptomonas sp. alone (Scapholeberis mucronata and Daphnia longispina), or Cryptomonas erosa (Synchaeta pectinata).
Experiments were conducted in 250 mL beakers, with predators separated from Coleps using dialysis tubing. Ciliates were, therefore, continually exposed to predator kairomones without selective predation driving any observed changes in mean Coleps size or spine length. Spectra/Por dialysis tubing with a 12-14 kDa molecular weight cut-off and a 16 mm diameter was used. Tubing was cut into 10 cm lengths, soaked overnight in distilled water and then filled with 10 mL Volvic w water. Half the tubes then received five predators. One dialysis tube, either with or without predators, was then added to each of 10, 250 mL beakers containing 200 mL Volvic w water and 20 Coleps mL
21
, with a predator density of 25 ind L
. There was no mortality or reproduction by the predators during the experiments. Experiments lasted 48 h, conducted in a climate chamber at 208C and a 12:12 light:dark cycle. At the end of the experiments, Coleps were taken from each beaker, placed on a microscope slide and immobilized with 30 mL of a 0.1% NiSO 4 solution. Between 5 and 10 Coleps per beaker were photographed immediately after placing the Coleps on a slide and the caudal spine length, cell length and width (at its widest point) were measured. Five to ten individuals per beaker were sufficient to accurately measure the cell parameters, as preliminary measurements showed the coefficient of variation in spine length, cell length and cell width to be 20, 5 and 10% for þfish clone and 27, 5 and 16% for the 2fish clone, respectively. For statistical analysis, the mean values per beaker were used, with the mean length:width ratio calculated on the basis of the individual length:width ratios. Data were analysed using two-way ANOVAs with predator presence/absence, clone type and the interaction between predators and clone as factors in the analysis. Because four parameters were tested per experiment (spine length, cell length, cell width and the cell length:width ratio), differences were only declared significant when P 0.0125. A difference with 0.0125 , P , 0.05 was considered a non-significant trend.
Both Coleps clones responded similarly to Cyclops bohater. The þfish clone had longer caudal spines than the -fish clone, but spine length in the þfish clone was 0.02 mm shorter, and in the -fish clone 0.12 mm longer, in the presence of Cyclops compared to the no-Cyclops controls, both non-significant differences ( Fig. 2A and Table I ). However, Coleps in the presence of Cyclops were on average 1.0 mm longer and 1.8 mm narrower (2.2 and 6.1% differences, respectively) in the presence of Cyclops compared to no-Cyclops controls, leading to an average length:width ratio of 1.52 and 1.37 with and without Cyclops, respectively ( Fig. 2B-D) . While the differences in length and width were marginally above the critical P-value of 0.0125 and therefore are only non-significant trends, the difference in the length:width ratio was significant: Coleps was longer and thinner in the presence of Cyclops (Table I) .
In contrast to Cyclops, D. longispina did not induce any measurable morphological changes in Coleps. In the presence of Daphnia, Coleps caudal spines were 0.2 mm shorter, body length 0.1 mm longer, body width 0.5 mm narrower and the length:width ratio 0.11 greater than in the absence of Daphnia (Fig. 3) , all non-significant differences (Table I ). The effects of S. mucronata on Coleps morphological parameters were similar to that of Daphnia. Neither caudal spine length, cell length nor the cell length:width ratio differed to any significant degree in the presence or absence of Scapholeberis (Table I and Fig. 4 ). There was, however, a non-significant trend (P ¼ 0.028) towards narrower cells in the presence of the predator compared to in its absence. Cells were on average 1.2 mm or 4% narrower in the presence of the predator, a trend similar to that seen for Coleps in the presence of Cyclops (Fig. 4C) .
The fourth predator used in the experiments, Synchaeta pectinata, did not induce any significant morphological changes in Coleps (Table I and Fig. 5 ). In the presence of Synchaeta, Coleps was on average 0.7 mm shorter and 0.1 mm narrower (1.6 and 0.4% differences, respectively), while the length:width ratio was essentially the same in both treatments (1.44 in the controls and 1.43 with Synchaeta). Caudal spines were 0.2 mm (5.7%) shorter in the presence of Synchaeta when compared with controls, but this too was a non-significant difference ( Fig. 5A and Table I ).
As only Cyclops produced changes in Coleps cell parameters, Cyclops -Coleps interactions were examined with a video analysis. Cyclops bohater were starved for 24 h, then glued to a human hair with cyanoacrylate and suspended in a Petri dish filled with Volvic w water. Coleps were then added at approximately 2 Â 10 3 cells mL 21 . Copepods were filmed using an Olympus SZX12 binocular microscope with a 1.2Â objective, a Sony DXC-390-P video camera and a Sony GV-D1000 digital video recorder. The number of Cyclops -Coleps encounters (Coleps passing through the oral area of Because four tests were performed on the same data, the critical probability to declare a difference significant was reduced from 0.05 to 0.0125. "C Â P" is the clone Â predator interaction, testing whether predator effects are specific to one of the two clones. Cyclops) was counted, as was the number of Coleps captured and the number ingested. Cell lengths and widths of ingested and captured Coleps were also directly measured on the video monitor. The video camera resolution at the magnification necessary to film predatorprey interactions did not permit Coleps' spine length to be measured. The video analysis recorded 581 encounters between Coleps and Cyclops. Of the 581 encountered Coleps, 41 were captured (7%), and of these, 9 were ingested (22% of those captured and 1.5% of those encountered). Ingested Coleps were on average 2.1 mm shorter and 1.9 mm narrower, but neither difference was significant, nor was the difference in the length:width ratio (t-test, P . 0.05). These experiments demonstrate predator-induced morphological changes in Coleps, but these are predatorspecific and are of uncertain value in reducing predation vulnerability. Given the effectiveness of Daphnia neckteeth in reducing Chaoborus predation on Daphnia (Tollrian, 1995) and the ability of some ciliates to exhibit morphological changes in the presence of predator kairomones, it was thought likely that Coleps' caudal spines would be similarly inducible. The spines are 8.1% of Coleps' body length (+0.9%), proportionately larger than Daphnia's neckteeth, which are maximally 3.3% of the body size (0.03 mm in a 0.91 animal) (Krueger and Dodson, 1981) . Morphological defences impart measurable costs to Daphnia (as do the defences of hypotrich ciliates) and it was expected that the proportionately larger spines in Coleps would have a proportionately larger cost and therefore be inducible (Reissen and Sprules, 1990; Kusch and Kuhlmann, 1994) . Cladocerans, copepods and rotifers prey on C. hirtus at rates lower than those for similar-sized ciliates (Jack and Gilbert, 1993; Wickham, 1995; Mohr and Adrian, 2000) , leading to the supposition that the caudal spines were the defence mechanism responsible for the reduced predation rates. Coleps' caudal spines may indeed be a defence mechanism, but the defence is clearly not inducible by the predators used in our experiments. Permanent defences should be seen if the "inducer" is permanently present (Harvell and Tollrian, 1998) , but the Coleps clones used in the experiments came from ponds with and without fish (and therefore without and with high zooplankton biomass), and differed only marginally (0.1 mm) in their spine lengths. Thus, whatever its purpose, the trait appears fixed. While the possibility remains that other C. hirtus clones are inducible, clones from ponds with and without abundant zooplankton were used to reduce this possibility. How the caudal spines might function to reduce or prevent predation is unclear, but that is also a question which remains unresolved for Daphnia's neckteeth (Tollrian and Dodson, 1998) .
While spine length was not inducible in Coleps, the body length:width ratio clearly was, with cells becoming longer and narrower in the presence of Cyclops. Two hymenostome ciliates, Colpidium kleini and C. colpoda, become shorter and rounder in the presence of the predatory ciliate Lembadion bullium (Fyda, 1998) . The predator induced changes in Colpidium were considerably larger than those seen for Coleps, with the length:width ratio increasing by approximately 140% when predators were introduced, compared to a 11% decrease for Coleps in the presence of Cyclops. The induced Colpidium-phenotype was attacked less successfully, with longer handling times, compared to the non-induced phenotype. In contrast, we could find no differences in the length:width ratios of Coleps captured and ingested by Cyclops and those captured but escaped. Cyclops is the most selective of the predators used in our experiments, and is known to select prey on the basis of size, shape and ease of capture (Stemberger, 1985; Krylov, 1988) . It should be more beneficial for prey to utilize a morphological defence strategy against Cyclops than against a non-selective grazer, such as Daphnia, where no predator-induced morphological changes were seen.
It seems unlikely that the lack of observed morphological changes by Coleps was due to the experimental design. Hypotrich ciliates express morphological defences well within the 48 h timeframe of our experiments, and while Hypotrichs do not need to divide before expressing morphological defences, there was sufficient time for several cell divisions, had these been necessary (Kuhlmann and Heckmann, 1985; Wicklow, 1997) . Ciliate morphological response is dose-dependent (Kusch, 1993b; Duquette et al., 2005) , and while it is possible that the predator density used in the experiments (25 ind L 21 ) is beneath a response threshold, this density is enough to impose considerable mortality to field populations of Coleps (Wickham and Gilbert, 1993; Wickham, 1995) . It seems doubtful that a defence response would evolve if it were only activated at predator densities well above those sufficient to drive local prey populations to extinction.
The hypothesis has been advanced that contact between predator and ciliate prey is necessary to elicit a morphological reaction (Wiaockowski et al., 2004) . The predators in our experiments were separated from Coleps by dialysis tubing, preventing direct encounters (and size-selective predation), but there are numerous accounts of morphological induction after exposure to medium previously occupied by the potential predator (Kuhlmann and Heckmann, 1985; Wicklow, 1988; Kusch, 1993b) . This is also the case with the morphological induction in metazoan zooplankton (Gilbert, 1998; Tollrian and Dodson, 1998) . The dialysis tubing used in the experiments had a molecular weight cut off of 14 kDa, larger than the kairomones inducing defences in Daphnia or hypotrich ciliates (Kusch, 1993a; Tollrian and Von Elert, 1994; Wicklow, 1997) . Other kairomones are larger, but the response of Coleps in the presence of Cyclops would indicate that a Cyclops kairomone was passing through the dialysis membrane.
Inducible morphological defences, while common in planktonic rotifers, cladocerans and even algae and bacteria, may be rare in planktonic ciliates. Hypotrich ciliates, in which morphological defences are common, are essentially an epibenthic group, with poor swimming ability and when found in the plankton, are usually on aggregates, rather than swimming freely (Albright et al., 1987; Finlay et al., 1988; Artolozaga et al., 2000) . Three hymenostome ciliates, Lambornella clarki and two species of Colpidium also show morphological responses, but the first is found in tree holes, and Colpidium is rarely if ever in the plankton (Wickham, personal communication; Pfister et al., 2002) . In common planktonic ciliates ( primarily Oligotrichia, Choreotrichida, Prostomatea and Scuticociliatia), inducible morphological defences have not been reported. Many pelagic ciliates have jumping responses that reduce their vulnerability to at least rotifer predators, but the response is not induced by kairomones (Gilbert, 1994) . However, further work is necessary to determine whether the limited capacity of Coleps hirtus to exhibit induced morphological defences is more the rule than the exception among planktonic ciliates.
